Purpose: In preimplantation genetic diagnosis (PCD),
INTRODUCTION
Since the development of preimplantation genetic diagnosis (PGD) in 1990, this technique has been utilized clinically throughout the world (1, 2) . PGD is an alterna-live to prenatal diagnosis that enables couples at risk for transmitting genetic disorders to select unaffected embryos prior to implantation. Embryos are generated by in vitro fertilization (IVF), and their disease status is determined by the analysis of DNA extracted from one or two blastomeres biopsied at the six-to eightcell stage. Only unaffected embryos are replaced in the uterus, therefore avoiding the risks associated with prenatal diagnosis and consequent abortion.
One of the major indications for PGD is the risk of X-linked disorders. For the majority of these disorders, the underlying causes and gene mutations are not yet known. Thus, for couples at risk for X-linked disorders, one of the available options for avoiding affected fetuses prior to pregnancy is the identification of female embryos by PGD. Two methodologies for gender determination of single cells are the polymerase chain reaction (PCR) and fluorescent in situ hybridization (FISH). PCR methods include the coamplification of X-and Y-specific repeat sequences (3), as well as the coamplification of related genes on both chromosomes with the same primers, including those for amelogenin and amelogenin-like-sequences (4), the steroid sulfatase gene (5) , and ZFX/ZFY sequences (6) .
We developed a multiplex polymerase chain reaction assay to determine gender from a single cell. This assay, which coamplifies X-specific (DXZl) (7) and Y-specific (DYZ1) (8) repeat sequences, yields a 308-bp band in females and two bands, of 154 and 308 bp, in males. For more rapid analysis, we have utilized the capillary PCR method. The high surface area: volume ratio of these tubes, together with the use of an air-cooled thermal cycler, leads to the rapid heating and cooling of the reaction mixture. We demonstrated the feasibility of our method for gender determination from DNA isolated from single cells.
MATERIALS AND METHODS
Single-Cell Preparation. This study was approved by our institutional ethics committee, and informed consent was obtained from each patient. Samples of amniotic fluid were collected from two patients by amniocentesis for prenatal karyotyping. Single amniocytes were isolated from diluted amniotic fluid under a Diaphot inverted microscope (Nikon, Tokyo) that was equipped with MN-151 micromanipulators (Narishige, Tokyo). Each individual amniocyte was aspirated by gentle suction into a micropipette and was transferred to an individual 3-ul droplet of distilled water. After examining each droplet under the microscope to ensure that only one amniocyte was present, a second micropipette was used to aspirate and transfer the amniocyte to another 3-ul droplet of distilled water. Individual amniocytes were again examined under the microscope and transferred to an individual 3-uldroplet of DNA lysis buffer (50 mM KC1, 1.5 mM MgCl 2 , 10 mM Tris-HCl, 0.5% Tween 20). The micropipette was carefully examined under the microscope to make sure it was empty, and each droplet of DNA lysis buffer containing a cell was suctioned into a capillary PCR tube under the inverted microscope to ensure cell transfer.
PCR Conditions. Gender determination of individual amniocytes was performed using the Xl-1, XI-2 and Yl-1, Yl-2 primer pairs. The Xl-1, Xl-2 primer pair was designed to amplify DXZ1 sequences (7), while the Yl-1, Yl-2 primer pair was designed to amplify the DYZ1 sequences (9) . Primer sequences utilized were as follows: Xl-1, 5'-AATGTGCAAGT-GGCTATTTAGCG-3'; Xl-2, 5'-TCCATCATAAC-GAATGTTCAGCT-3'; Yl-1, 5'-TCCACTTTATT-CCAGGCCTGTCC-3'; and Yl-2, 5'-TTGAATG-G A ATGGG A ACG A ATGG-3'.
A PCR cocktail was prepared in which the final concentrations of the components, after addition to the template DNA sample, were 50 mM KC1, 1.5 mM MgCl 2 , 10 mM Tris-HCl, a 1 uM concentration each of primers Xl-1 and Xl-2, a 0.5 uM concentration each of primers Yl-1 and Yl-2, a 200 uM concentration of each dNTP, and 2.5 IU/100 ul Taq polymerase (Takara, Tokyo). Ten microliters of the PCR cocktail was added to a 3-ul DNA sample in a capillary tube, air was loaded into the end of the tube, and the capillary tip was sealed. The samples were subjected to 40 cycles of amplification in a Capillary Fast Thermal Sequencer (FTS-1S, A.B. Technology, Mortlake, Australia), according to the protocols shown in Table I . Ten microliters of each PCR product was mixed with 2 ul of gel loading buffer and electrophoresed on a 2% agarose gel, at 100 V for 30 min. The gel was stained with ethidium bromide and the bands were visualized under ultraviolet light at 312nm.
Karyotype Analysis. Amniocytes were karyotyped by the conventional G-banding method. DNA laboratory workers were blinded with respect to the karyotype of the amniocytes.
RESULTS
DNA was isolated from single amniocytes obtained from two patients and subjected to multiplex amplification, using primers for the DXZ1 and DYZ1 repeat sequences on the X and Y chromosomes, respectively. We found that the DXZ1 primers amplify a 308-bp sequence, while the DYZ1 primers amplify a 154 bp sequence (Fig. 1) . Thus, in a 46,XX cell, a single 308-bp band is detected, while in a 46,XY cell, two bands, of 154 and 308 bp, are observed. 1  2  3  1  2  3  1  2  3  1  2  3  1  2  3  1  2  3  1  2  3   Temperature  (°C)   95  55  72  95  55  72  95  55  72  95  55  72  95  55  72  95  55  72  95  55  72   Total time required (min)   P1   600  60  60  180  60  60  60  60  60  60  60  60  60  60  60  60  60  180  60  60  600  180   Time   P2   600  60  60  180  60  60  60  60  60  60  60  60  5  5  15  60  60  180  60  60  600  150   (sec)   P3   600  60  60  180  60  60  60  60  60  5  5  15  5  5  15  60  60  180  60  60  600  120   P4   600  60  60  180  60  60  5  5  15  5  5  15  5  5  15  60  60  180  60  60  600 90 Fig. 1 . Simultaneous amplification of DXZ1 and DYZ1 from a single amniocyte. In a 46,XX cell, a 308-bp band was detected; in a 46.XY cell, both 308-and 154-bp bands were detected. Lane XX, amplified product from a 46,XX cell; XY, amplified product from a 46.XY cell; NC, negative control; M, size marker PX174 RF DNA//faeIII fragments.
To determine the efficiency of this gender determination assay in single cells, we performed a blind, randomized analysis on 100 single amniocytes by the PI protocol and compared these results with those obtained by conventional karyotyping. We observed successful amplification in 99 of 100 (99%) of these samples. One sample, containing DNA from a 46,XX amniocyte, did not amplify. Of the 50 46,XX cells, 49 (98%) produced only the 308-bp fragments characteristic of DXZ1 and were correctly diagnosed as female. All of the 50 46,XY amniocytes produced both the 154-bp fragments characteristic of DYZ1 and the 308-bp fragments characteristic of DXZ1 (Table II) .
We compared the ability of four PCR protocols (Table I) rapidly and accurately to diagnose gender in single amniocytes; conventional karyotyping of cells from each amniotic fluid sample was used to establish gender. Each of the four PCR protocols was accurate in diagnosing gender in single amniocytes (Table II) . No DNA contamination was observed in any samples. The P4 protocol, which was the most rapid, requiring only 120 min from cell sampling to diagnosis (i.e., the end of electrophoresis), was as accurate as any of the other, slower protocols.
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DISCUSSION
Preimplantation identification of female embryos is the prepregnancy screening method currently available to couples at risk for X-linked disorders in which the genetic alteration is not known. Even in conditions in which the gene has been identified, the rarity and variety of mutations frequently make it impractical to develop single-blastomere diagnoses for each mutation. Levinson et al. (10) have described X-enriched sperm separation followed by preimplantation gender determination as another option. X-and Y-bearing spermatozoa were separated based on their DNA content, using modified flow cytometric cell sorting technology. After IVF and embryo biopsy, 22 of 25 (88%) embryos were determined to be female by PCR method. This technique may be applicable to gender selection for prevention of X-linked disorders.
For accurate gender determination, we have developed a multiplex PCR assay, in which sequences specific to both the X and the Y chromosomes are simultaneously amplified. We utilized primers that coamplify the DXZ1 and DYZ1 repeat sequences on the X and Y chromosomes, respectively. DXZ1 is a 5000-copy repeating DNA family located in the pericentric region of the X chromosome (7), while DYZ1 is an 800-to 5000-copy repeat sequence located in the heterochromatic region of the long arm of the Y chromosome (8) . We found that this assay accurately diagnosed sex from a single cell. Moreover, the accuracy and efficiency of this method were equivalent to those of karyotype analysis, thus indicating that multiplex PCR analysis of DNA from a single cell may be clinically useful in preimplantation identification of female or male embryos.
An advantage of DXZ1/DYZ1 locus analysis is that the presence of repeat sequences increases the sensitivity and reproducibility of the assay, thus reducing the problems caused by DNA contaminations. While these findings suggest that this PCR-based assay may be useful clinically, it should be remembered that some females may have sequences highly homologous to DYZ1 on their autochromosomes or X chromosomes and that some males have a 46,XYq-karyotype. Thus, even in cases in which a PCR assay yields unambiguous results, karyotyping by amniocentesis or chorionic villus sampling is essential.
Several new methods have been developed recently to prevent the gender misdiagnoses caused by primer-specific amplification failure. In each of these methods related sequences in the X and Y chromosomes are amplified with the same primers. For example, amplification of the We have utilized a capillary PCR method, containing an air-cooled thermal cycler and capillary tubes with a high surface area:volume ratio, which results in the rapid heating and cooling of the reaction mixture. This allows for very short denaturing and annealing times and, thus, more rapid analysis than conventional PCR protocols. In designing our method, we have utilized longer denaturing and annealing times in the first several cycles to obtain complete denaturing and priming, as well as a longer DNA extension time in the final cycles due to the large amount of amplified product. We have assessed the accuracy and efficiency of the multiplex PCR method. PI is the 180-min-long standard PCR program, while P2, P3, and P4 are newly designed programs of 150, 120, and 90 min, respectively. The capillary PCR method described here has several important advantages. The first is that rapid thermal cycling results in completion of the genetic analysis in 2 hr. This should be especially useful in the diagnosis of single-gene disorders, which requires two rounds of PCR (nested PCR). The second advantage is that single-cell sampling can be performed under an inverted microscope. By using a capillary tip attached to a positive displacement pipette, we were able to aspirate a single cell from a cell-containing droplet under the microscope. Other methods, in which the sampling is more uncertain, may lead to sampling errors or to a low efficiency of the results. The third advantage is that reducing the number of the steps decreases the likelihood of DNA contamination. Finally, there is an economic advantage, since the amount of Taq polymerase required in our assay is one-tenth that used in conventional PCR.
CONCLUSIONS
From these results, we conclude that the multiplex PCR assay for gender determination described here is accurate and efficient and may be useful in preimplantation gender determination. The rapidity of this assay suggests that it may improve the implantation rate and may, therefore, be applicable in the clinical setting.
